Biosensors are powerful tools used to monitor biological and biochemical processes, ranging from clinical diagnosis to disease therapy. The huge demands for bioassays greatly promote the development of new nanomaterials as sensing platforms. Two-dimensional (2D) nanomaterials with superior properties, such as large surface areas and excellent conductivities, are excellent candidates for biosensor applications. Among them, single-or few-layered transition metal dichalcogenide (TMD) nanomaterials represent an emerging class of 2D nanomaterials with unique physical, chemical, and electronic properties. In this mini-review, we summarize the recent progress in 2D TMD nanomaterial-based biosensors for the sensitive detection of various kinds of targets, including nucleic acid, proteins, and small biomolecules, based on different sensors like optical sensors and electrochemical sensors, and bioelectronic sensors. Finally, the challenges and opportunities in this promising field are also proposed.
Introduction
With the increasing demand for disease diagnosis and therapies, biosensors have become powerful tools for the detection of biological analytes, such as nucleic acid, proteins, and small biomolecules. Generally, analytes extracted from biological systems are at a low concentration level, particularly for biomarkers of specific diseases. [1] [2] [3] Hence, over the past few decades, great efforts have been devoted to the design and development of ultrasensitive bioassays. Besides the development of advanced instruments and detection strategies for signal amplification, a Key Laboratory for Organic Electronics and Information Displays (KLOEID) and the utilization of suitable materials in sensing applications is another important way to enhance the detection signal. 4 It has been demonstrated that the performance of biosensors shows a close association with the intrinsic characteristics, e.g. structures, morphologies, compositions, and physicochemical properties, of the used nanomaterials. 5, 6 For example, nanomaterials with a large surface area, good conductivity, and excellent biological compatibility can be used as signal amplification elements in electrochemical sensors. 7 Therefore, the exploration of new advanced nanomaterials is key to develop biosensors with a high sensitivity and low detection limit.
Two-dimensional (2D) nanomaterials have attracted broad interest due to their unconventional properties, especially after the 2010 Nobel Prize in physics was awarded for ''groundbreaking experiments regarding graphene''. [8] [9] [10] [11] [12] [13] [14] Since then, a number of graphene-based biosensors have been reported. [15] [16] [17] [18] [19] Inspired by graphene, other graphene-like 2D nanomaterials with singleand few-layer thickness came to light and have gained increasing attention in recent years, especially transition metal dichalcogenides (TMDs) which include MoS 2 , WS 2 , TaS 2 , TiS 2 , WSe 2 , MoSe 2 , etc. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] To date, a wide variety of synthetic methods have been developed to prepare single-and few-layered 2D TMD nanosheets, namely, mechanical cleavage, chemical vapor deposition (CVD), wet-chemical synthesis, chemical or electrochemical Li- exfoliation in different solvents. [30] [31] [32] [33] [34] [35] [36] Due to their ultrathin thickness and 2D structure, these TMD nanosheets present unique physical, chemical, optical, and electronic properties compared with their bulk counterparts. [20] [21] [22] 37, 38 In addition, 2D TMD nanosheets can directly interact with biomolecules, resulting in their surface modification/decoration. This could greatly extend their range of biosensing. Taking MoS 2 as an example, structural defects, such as point defects and edges, play important roles in sensing applications. 39, 40 On account of these attractive properties as well as large specific surface areas, 2D TMD nanosheets hold great potential in biosensing applications. 41, 42 This mini-review aims to provide an overview of the recent advances on 2D TMD nanosheets for biosensing applications. First, we describe the structure and properties of 2D TMD nanosheets. Then, we present the recent development of TMD nanosheet-based biosensors for the detection of different biological analytes including nucleic acid, proteins, and small molecules through various sensing approaches like optical methods, electrochemical methods, and electronic methods. Finally, based on the current studies, the opinions on the challenges and opportunities in this hot field are proposed.
Structure and properties of 2D TMD nanomaterials
TMDs are MX 2 -type compounds with layered structures, which are made by strong in-plane covalent bonding along with weak interactions between the layers, especially for group 4-7 TMDs (Fig. 1a ), while some of the group 8-10 TMDs are commonly presented in non-layered structures. 20 In each MX 2 monolayer, a layer of transition metal atom (M) is sandwiched between two chalcogen atom layers (X = S, Se, or Te), giving 6-7 Å of thickness for each monolayer. [43] [44] [45] The properties of TMD materials change along with a decrease in the number of layers. For example, the bandgap of bulk MoS 2 is about 1.3 eV while that of single-layered MoS 2 is 1.8-1.9 eV, 46 showing an indirect-to-direct bandgap transition as the thickness decreased to a single layer. In addition, the surface areas of TMD materials greatly increase after being exfoliated into single or few layers.
Of particular interest is that TMD materials exhibit various polymorphs, commonly including 1T, 2H, and 3R, which stand for trigonal, hexagonal, and rhombohedral crystal phases, respectively. 47, 48 However, when exfoliated into a single layer, TMD materials exhibit two polymorphs: 1T and 2H ( Fig. 1b and c) . It is worth noting that the phase transformation between these phases can be realized by various strategies. Taking MoS 2 as an example, the 3R phase can be transformed into 2H phase upon heating. 47 Moreover, the crystal structure of MoS 2 can be partly engineered from 2H to 1T by intercalating alkaline metals (Li, K, or Na) in the exfoliation process. [49] [50] [51] [52] Note that the phase transformation from 2H to 1T is accompanied by a change in the density of states, resulting in the evolution of MoS 2 from a semiconductor to a metal. 53 These aforementioned unique properties make the singlelayered TMD nanosheets good candidates for the fabrication of biosensors. For example, the increased bandgap of MoS 2 nanosheets makes it a better choice for electronic devices. 54 The phase transformation of MoS 2 from a semiconductor to a metal can enhance its electrical conductivity which benefits the electrochemical properties. 55, 56 Moreover, the large surface area of single-layered TMD nanosheets enables high physical adsorption of biomolecules onto their surface. Simultaneously, 2D TMD nanosheets present an efficient fluorescence quenching ability for fluorophores, rendering them promising platforms for the construction of fluorescence-based biosensors. 57, 58 Our group first reported the physisorption of single-layered MoS 2 nanosheets towards single-stranded DNA (ssDNA) and studied its efficient quenching ability. 59 As the physisorption of aromatic and conjugated compounds on the MoS 2 surface has been proposed, the ssDNA adsorption is believed to be a result of the van der Walls force between nucleobases and the basal plane of the MoS 2 nanosheet. 60 The principle also holds that the lower adsorption of double-stranded DNA (dsDNA), with nucleobases buried between their helical phosphate backbones, occurs on MoS 2 nanosheets. Besides DNA hybridization, the adsorption of the DNA probe can also be weakened by 3D structural switching resulting from specific aptamer-target recognition.
2D TMD nanomaterial-based biosensors

2D TMD nanomaterials used for optical biosensors
Optical biosensors are attracting huge attention for disease diagnosis and clinical evaluation due to their simple, fast, and direct read out properties. [61] [62] [63] [64] Fluorescence sensing and colorimetric methods are two typical sensing techniques for optical biosensors. 15, 65, 66 Since TMD nanosheets could act as fluorescence quenchers and peroxide mimics, a series of optical biosensors based on TMD nanosheets have been developed.
3.1.1 Detection of nucleic acids. Single-or few-layered TMD nanosheets have pretty good fluorescence quenching abilities. Our group first demonstrated that the MoS 2 nanosheet has an efficient quenching ability towards dye-labeled ssDNA. 59 Due to the different affinities towards ssDNA and dsDNA, the fluorescence of ssDNA can be almost entirely quenched by the MoS 2 nanosheet. While in the presence of target DNA, dsDNA was formed and released from the surface of the MoS 2 nanosheets, resulting in the fluorescence recovery. The designed DNA sensor showed a detection limit of 500 pM with a linear range of 0-15 nM. Moreover, this concept has been extended to other TMD nanosheets for DNA detection, including WS 2 , TaS 2 and TiS 2 , and ternary metal chalcogenide nanosheets (e.g. Ta 2 NiS 5 ). [67] [68] [69] Recently, Huang and co-workers combined this strategy with a microfluidic technique and developed a microfluidic chip for DNA detection. 70 This method can effectively reduce the sample volume and realize rapid detection of DNA, achieving a detection limit as low as Bfmol. If the probe DNA is replaced by the dye-labeled PNA, it can hybridize with the complementary DNA to form a PNA-DNA duplex. Based on this idea, Wang et al. used the WS 2 nanosheet to fabricate biosensors for DNA detection based on the different affinities between the WS 2 nanosheet and PNA or the PNA-DNA duplex, resulting in a limit of detection of 500 pM. 71 Fluorescent biosensors for microRNA (miRNA) detection are very important, since miRNA plays a significant role in physiological and pathological processes and can be used as a biomarker for disease diagnosis. Great efforts have been devoted to the development of biosensors by using TMD nanosheets for miRNA detection. The WS 2 nanosheet was reported to show weaker affinities towards short ssDNA compared to long ssDNA. 72 This property has been applied to design a fluorescent sensor for miRNA detection by Jiang et al. 72 A dye-labeled ssDNA was used as the probe whose fluorescence can then be quenched by the WS 2 nanosheet. In contrast, in the presence of target miRNA and duplex-specific nuclease (DSN), the formed DNA-RNA heteroduplex could be cleaved to release target miRNA to hybridize with other probe ssDNA, leading to cyclic reaction and signal amplification. This method further pushed the miRNA detection limit down to 300 fM. Obviously, the fluorophore could be replaced by other kinds of molecule beacons. Zhao et al. proposed a chemiluminescence (CL) resonance energy transfer (CRET) sensing platform for miRNA detection. 26 In this case, part of the probe DNA can form a G-quadruplex-hemin-H 2 O 2 -luminol structure and give strong CL which can be quenched by the WS 2 nanosheet due to the interaction between ssDNA and the G-quadruplex-hemin DNAzyme structure. In the presence of target miRNA, the formed DNA-RNA heteroduplex showed a weak affinity with the WS 2 nanosheet and desorbed from the WS 2 nanosheet surface, leading to restoration of the CL signal. The CL intensity and the concentration of miRNA showed a linear relationship in the range of 0.5-10 nM, yielding a detection limit of B180 pM. 3.1.2 Detection of proteins. TMD nanosheets can also be used for protein detection using the fluorescence method. Nucleic-acid aptamers are usually utilized for the specific recognition of proteins and other biomolecules due to their advantages of chemical stability and in vitro synthesis. 73 Recently, Ge et al. reported that the dye-labeled ssDNA aptamer probe can be self-assembled on the MoS 2 nanosheet surface to induce the fluorescence resonance energy transfer from the dye to MoS 2 , resulting in the quenching of the fluorescence intensity. 74 In the presence of the detection target, taking human a-thrombin as an example, the aptamer could specifically bind with the target to form a rigid conformation, resulting in the release of the DNA aptamer probe from the MoS 2 nanosheet surface and partial restoration of the fluorescence (Fig. 2a ). 74 This method achieved a detection limit of 300 pM, which is better than that of a graphenebased a-thrombin biosensor. 75 Besides human a-thrombin, other proteins such as carcinoembryonic antigen (CEA), 76 prostate specific antigen (PSA), 77 and cytochrome c 78 can also be analyzed through this method.
Besides protein detection using nucleic-acid aptamers, Xiang and co-workers have converted a protein assay into DNA detection by combining the terminal protection of small-molecule-linked DNA with exonuclease III (Exo III)-aided DNA recycling amplification. 79 As shown in Fig. 2b , in the sensing process, a dye-labeled probe 2 could hybridize with a biotin-modified probe 1 and tether to the 3 0 -end of the antisense strand. Probe 1 was digested by exonuclease I (Exo I) in the absence of SA. Probe 2 was adsorbed onto the MoS 2 nanosheet surface, resulting in a low fluorescence signal. While in the presence of streptavidin (SA), the SA and biotin could specifically bind together and protect probe 1 from Exo I-assisted digestion. After hybridization with probe 2, the DNA duplex formed and probe 2 could be degraded by Exo III, resulting in a cyclic amplification and the release of more probe 2 from MoS 2 . This strategy achieved highly sensitive SA detection with a detection limit of 0.67 ng mL À1 .
2D TMD nanosheet-based optical biosensors have also been applied to detect T4 polynucleotide kinase (PNK), which can phosphorylate DNA and plays a significant role in many cellular events. For example, Ge et al. developed a WS 2 nanosheet-based optical sensing platform to analyze nucleotide kinase activity. 80 In the presence of T4 PNK, dsDNA could be cleaved by l exonuclease, leaving a FAM-labeled ssDNA. In this case, the fluorescence of the FAM-labeled ssDNA could be quenched by the WS 2 nanosheet. As shown in Fig. 2c , in the absence of T4 PNK, the l exonuclease showed low activity towards nonphosphorylated dsDNA. The remaining dsDNA showed a strong fluorescence signal because of the weak affinity towards the WS 2 nanosheet. This strategy offered a detection limit of 0.01 U mL À1 . Recently, Liu et al. used hairpin DNA coupled with DNA polymerase and deoxyribonucleoside triphosphates (dNTPs) for T4 PNK assay, achieving a detection limit of 0.05 U mL À1 . 81 3.1.3 Detection of small molecules. 2D TMD nanosheets can be designed for the detection of small molecules. Considering that DNA aptamers can be tuned according to different targets, similar fluorescent methods based on TMD nanosheets can be used to detect small biomolecules, such as adenosine and adenosine triphosphate (ATP). 59, 74 Besides approaches based on the fluorescence quenching abilities of TMD nanosheets, the colorimetric method has also been used for the detection of small biomolecules due to its advantages, such as simplicity, rapidity, and visibility. 82 The ability of MoS 2 and WS 2 nanosheets to serve as peroxidase mimics has been widely reported, and thus they can be used for the detection of H 2 O 2 and glucose. 83, 84 A color change occurred in the presence of H 2 O 2 when the MoS 2 nanosheet catalyzed the reaction of the peroxidase substance such as 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB). The MoS 2 nanosheet-TMB-H 2 O 2 system provided a detection limit of 1.5 mM with a linear range from 5 to 100 mM for H 2 O 2 detection. This method could be used for glucose detection because hydrogen peroxide is the main product of the GOx-catalyzed reaction. The linear range was from 5 to 150 mM with a detection limit of 1.2 mM. Furthermore, a portable test kit was developed to evaluate the glucose level in human serum samples, as a proof of concept, due to its visibility and small sample requirement.
2D TMD nanomaterials used for electrochemical biosensors
Electrochemical biosensors have been widely used as effective assay methods for clinical diagnosis, environment monitoring, and food safety in the past few decades due to their simplicity, low cost, high sensitivity, and selectivity. Recently, 2D TMD nanomaterials have attracted great attention in the construction of electrochemical biosensors for the detection of various analytes. The ability of TMD nanosheets to prompt the electron transfer rate has been demonstrated due to the exposed active sites on their edges. 85 Moreover, TMD nanosheets with an atomic layer structure and a large surface area can act as substrates to support other nanomaterials, including noble metals, transition metals, carbon materials and conductive polymers, further improving their electrochemical biosensing performances. Therefore, the decoration of noble metal nanoparticles (NPs) on the surface of TMD nanosheets has been considered as an efficient way to amplify their electrochemical signals. The Au NP is the most popular one because of its excellent electrical properties and biocompatibility. 11, 86, 87 Furthermore, the surface of Au NP-decorated TMD nanosheets can be functionalized by various molecules. Besides the noble metal NPs, the carbon materials, conductive polymers and transition metals have also been used to modify TMD nanosheets to increase the electrical conductivity and surface area, thus improving the electrochemical performance. [88] [89] [90] [91] 3.2.1 Detection of nucleic acids. 2D TMD nanomaterials have been explored for the electrochemical detection of nucleic acids in recent years. There are three main advantages of using TMD nanosheets in electrochemical nucleic acid biosensors. First, TMD nanosheets show different affinities for ssDNA and dsDNA. Second, they can be modified by other molecules due to internal defects and edges. Third, integration of TMD nanosheets with other nanomaterials makes them promising signal amplification platforms for the detection of nucleic acids. For example, Loo et al. proposed a sensing platform for DNA detection using the MoS 2 nanoflake as an inherently electroactive label based on the different affinities of MoS 2 towards ssDNA and dsDNA. This biosensor presented a linear range towards the complementary DNA from 0.03 to 300 nm. 92 In addition, Wang et al. developed a MoS 2 -thionin composite modified electrode for the detection of dsDNA through the intercalation and electrostatic interaction of thionin with DNA. The peak current decreased along with the increase of the dsDNA concentration. A linear response to dsDNA from 0.09 to 1.9 ng mL À1 was achieved even in the presence of a relatively high concentration of protein. 93 In order to clearly illustrate 2D TMD nanomaterials for the detection of DNA, we summarize the detection performances using different TMD nanosheet-based electrodes in Table 1. 3.2.2 Detection of proteins. Besides nucleic acids, TMD nanosheet-based electrochemical biosensors can also be used for the detection of proteins by immobilizing different antibodies to capture the corresponding antigens on TMD nanosheetbased electrodes. The high selectivity and sensitivity can be achieved based on the specific interaction between antibodies and antigens. The sensitivity can be further improved by integration of TMD nanosheets with other nanomaterials, such as metal NPs and graphene. For example, Wang et al. proposed a sandwich-type immunosensor based on the MoS 2 -Au composite for the detection of CEA. 100 The MoS 2 -Au composite was used to immobilize the CEA primary antibody (Ab1) and Ag NPs were used to support the CEA secondary antibody (Ab2) and glucose oxidase (GOx). In the presence of glucose, H 2 O 2 was produced and then catalyzed by the MoS 2 -Au composite. The reduction peak of H 2 O 2 was measured. This immunosensor exhibited a linear range from 1 to 50 ng mL À1 and a detection limit of 0.27 pg mL À1 was achieved. As another example, a label-free electrochemical immunosensor based on the Au NP-decorated thionine-MoS 2 nanocomposite for the detection of CEA was developed. 101 Since thionine is an electrochemical indicator, the detection signal was dependent on the peak current of thionine. Apart from electrochemical immunosensors, the electrochemical aptasensors based on TMD composites have been used for the detection of thrombin 102 and immunoglobulin E. 103 Aptamers exhibited a highly specific and efficient binding affinity with the target protein.
Recently, Su et al. reported an electrochemical aptasensor based on the Au NP-decorated MoS 2 nanosheet for the detection of thrombin, in which the aptamer probe labeled with methylene blue was immobilized on the Au NP-MoS 2 modified electrode via Au-S bonding. 104 Upon the addition of thrombin, the distance between methylene blue and the electrode increased, resulting in a decrease of the electrochemical signal. This electrochemical aptasensor could linearly detect thrombin from 0.01 to 10 mM with a detection limit of 0.0014 nM.
Detection of small molecules.
Electrochemical sensing of small molecules, such as H 2 O 2 , glucose, dopamine, uric acid (UA), ascorbic acid (AA), bisphenol, acetaminophen, tryptophan, and chloramphenicol, is another important application of TMD nanosheet-based electrodes in electrochemistry. The first MoS 2 nanosheet-based electrochemical sensor was demonstrated by our group recently. 105 Exfoliated MoS 2 nanosheets were electrochemically reduced in NaCl solution to obtain reduced MoS 2 (rMoS 2 ) with good conductivity and a fast electron transfer rate in the [Fe(CN) 6 ] 3À/4À and [Ru(NH 3 ) 6 ] 2+/3+ redox systems. As shown in Fig. 3 , the obtained rMoS 2 was used for the detection of glucose by immobilizing GOx, and the selective detection of dopamine (DA) in the presence of UA and AA. The reduction current at À0.33 V, originating from oxygen reduction, decreased with an increased concentration of glucose from 0 to 20 mM. In addition, the oxidation peaks of AA, DA, along with UA could be discriminated. The sensor showed a linear range of DA from 1 to 50 mM in the presence of AA and UA. Inspired by the excellent properties of MoS 2 , horseradish peroxidase (HRP) was immobilized on the MoS 2 -modified electrode. This system exhibited a good electrocatalytic activity toward H 2 O 2 reduction with a detection limit of 2.6 Â 10 À7 M. 106 Importantly, the performance of electrochemical sensors based on TMD nanosheets for the detection of small molecules could be further improved through the combination of TMD nanosheets with other nanomaterials, such as Au, Ag, Cu, graphene, carbon nanotubes, graphene quantum dots, and polyaniline, since these composites can provide synergistic effects for signal amplification. 107, 108 For example, the Au NP-decorated MoS 2 composite could be used for the simultaneous detection of AA, DA and UA. 109 In addition, it exhibited an electrocatalytic activity for the oxidation of bisphenol A (BPA), with a linear detection range from 0.05 to 100 mM and a detection limit of 5.0 Â 10 À9 M. 110 Besides the Au NP-MoS 2 composite, the MoS 2graphene composite was also used to construct electrochemical sensors for the detection of acetaminophen. 111 The good performance was attributed to the synergistic effect between layered MoS 2 and graphene. In addition, the self-doped polyanilinedecorated MoS 2 exhibited a good electrocatalytic activity for the detection of guanine and adenine compared with the sole polyaniline or MoS 2 . 112 In Table 2 , the sensing performances of small molecules based on different 2D TMD nanomaterials are summarized.
2D TMD nanomaterials used for electronic biosensors
As mentioned in Part 2, the single-layered MoS 2 nanosheet has an intrinsic bandgap of 1.8-1.9 eV, making it an ideal candidate for FET sensors. 129 In a typical FET sensing mode, the adsorption of target molecules on the surface of the semiconducting channel affects the response signal. Recently, Lee et al. successfully fabricated a few-layered MoS 2 -based bio-FET for DNA detection (Fig. 4a ). 130 The probe DNA molecules were physically adsorbed on the MoS 2 channel. When the hybridization between the probe DNA and the target DNA occurred, the signal of the threshold voltage shifted in the negative direction and the drain current increased. This FET sensor could achieve a detection limit of 10 fM and a high dynamic range of 10 6 with a high sensitivity of 17 mV dec À1 . In addition, DNA hybridization can also be detected with a detection limit of BaM through the FET sensors fabricated using MoS 2 /graphene heterostructures. 131 Moreover, 2D TMD nanosheet-based FET biosensors can also be used for protein detection (Fig. 4b) . In a recent study, biotin and SA were chosen as the receptor and target molecules, respectively. 132 Biotin was used to functionalize the channel of the FET biosensor. When the target molecules were introduced in the FET biosensor, the current of the device decreased due to the negative charge of the SA and the strong bonding between SA and biotin. A high sensitivity of 196 was achieved at a concentration of 100 fM. Furthermore, 2D TMD nanosheet-based FET biosensors can also be used for the detection of other proteins such as PSA. 133 Moreover, the pH sensor based on MoS 2 was also realized, which is 74-fold higher in sensitivity compared to that of the graphenebased FET sensor. 132 Importantly, TMD nanosheets have been demonstrated to present appealing properties for the fabrication of thin nanopores for DNA translocation with a high sensitivity. Nanopore sequencing has been a promising method in DNA sequencing technologies over the past two decades. 134 During the sensing process, negatively charged ssDNA or dsDNA is electrophoretically driven to pass through the nanopore, resulting in a temporary blockade with different degrees according to the four DNA nucleotides. 135 By observing and analyzing the current change, DNA sequencing can be realized. The first use of nanopore sequencing was based on a biological pore. 136 However, biopores are unstable, often too thick to perform sequencing with a single-base resolution, and a critical conducting environment is required. 137, 138 As a result, the solid-state nanopore with subnanometer thickness becomes more important and attractive. As a typical 2D TMD nanomaterial, the MoS 2 nanosheet has been used as a promising material to fabricate nanopores for DNA sequencing. [139] [140] [141] As a typical example, a single-or fewlayered MoS 2 nanosheet was suspended on a 20 nm thick SiN x membrane which was pre-etched to form a square-shaped opening (Fig. 4c ). The MoS 2 nanosheet was drilled using a transmission electron microscope to fabricate nanopores ranging between 2 and 20 nm. Compared with graphene, MoS 2 has an intrinsic bandgap and shows a higher mechanical stability. 142 Moreover, unlike graphene 143, 144 and boron nitride, 145 the MoS 2 nanopore showed less interaction with DNA molecules due to the presence of hydrophilic Mo sites in the MoS 2 membrane. 146 As a result, no surface treatments are required to avoid DNA sticking to the surface of the MoS 2 nanopore. This MoS 2 nanopore technique improved the signal-to-noise ratio and showed a promising application in DNA sequencing at a single-base level. The simulation result was also consistent with the experimental result. 146 Therefore, TMD nanosheets hold 
Conclusion and prospects
Taking advantages of their unique physical and chemical properties, such as a distinctive layered structure, high surface area, and variation of chemical compositions, 2D TMD nanosheets can be used for a great variety of applications, especially the diverse sensing platforms for biological detection. In this mini-review, we introduced the state-of-the-art biosensors based on 2D TMD nanomaterials, including optical, electrochemical, and electronic biosensors for detecting various targets, such as nucleic acid, proteins, and small molecules. We believe that this research field will continuously grow due to the splendid merits of TMD nanomaterials and their synergistic compatibility with other nanomaterials and advanced nanotechnologies. Although great efforts have been made, there are still lots of challenges in the exploration of 2D TMD nanosheets for biosensing applications. First of all, simple and efficient synthetic methods still need to be established for the preparation of 2D TMD nanomaterials. In spite of the currently available approaches, a method, which can control the number of layers, size, defects, and morphology of the synthesized 2D TMD nanosheets with low cost and good reproducibility, still needs to be developed since all the aforementioned parameters greatly affect the sensing performance. Second, most studies focused on MoS 2 and WS 2 for biosensing applications, while other TMD nanosheets, e.g., MoSe 2 , WSe 2 and ReSe 2 , have been ignored even though they might show potential to serve as sensing platforms. In the future, more efforts should be devoted to study other kinds of 2D TMD nanosheets. Third, the mechanism of electron transfer between 2D TMD nanosheets and biomaterials should be investigated completely. Better understanding of the interaction between TMD nanosheets and various substances can offer more opportunities to explore sensing applications beyond the current target libraries and to improve the sensitivity beyond the current detection limit. Additionally, the stability, biocompatibility, and long-term toxicity of 2D TMD nanosheets need to be studied in depth. Due to the complex physiological environment, conducting their in vivo biosensing application 
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is still a challenge. Combining the advancement of recently developed technologies, we believe that 2D TMD nanosheets hold great promise for single molecule detection. Moreover, inspired by the 2D TMD nanomaterials, many other kinds of 2D nanomaterials have been synthesized, such as graphitic carbon nitride (g-C 3 N 4 ), graphdiyne, 2D polymer and 2D metal-organic frameworks (MOFs). [147] [148] [149] [150] [151] Our group has made an attempt to use 2D MOF nanosheets as sensing platforms for the detection of DNA and H 2 O 2 . 149, 152 Based on the aforementioned description, it is anticipated that beyond the 2D TMD nanomaterials, more 2D nanomaterial-based biosensors will be fabricated in the future, which might have applications in diagnosis, therapy and other biological studies.
